Previous studies have demonstrated that albino but not pigmented rats show acute increases in REM sleep following light-to-dark transitions. Light and dark have also been shown to have direct effects on NREM sleep and wakefulness in albino rats. Little is known, however, about the direct light-dark effects on sleep patterns in pigmented animals. The purpose of the present study was to compare the direct effects of light and dark on REM sleep, NREM sleep, and waking in albino Lewis and pigmented Brown Norway (BN) rats. Design: Groups of albino Lewis and pigmented Brown Norway (BN) rats were exposed to various light-dark (LD) schedules. In the first experiment, the lighting schedules were LD 12:12 and LD 3:3. The second experiment compared LD 12:12 with an irregular schedule consisting of short light and dark periods of unequal length. Measurements and Results: Both Lewis and BN rats slept more during the light and were awake more during the dark on all schedules. REM sleep patterns in light and dark periods were opposite, however. Lewis rats spent more of their sleep in REM sleep during dark than the light, whereas BN rats had a higher proportion of REM sleep in the light.
THE LIGHT-DARK (LD) CYCLE is an important regulator of the circadian rhythms of sleep-wake behavior and neuroendocrine function. In addition, light and dark have significant effects on sleep and wakefulness that are not mediated by effects on the circadian clock. Unlike circadian responses, direct responses to light and dark persist only during exposure to the light or dark stimulus. They may, but do not necessarily, induce changes in the circadian clock.
The direct effects of light and dark on sleep and wakefulness have been studied most extensively in the albino rat. Over 30 years ago, Goff and Finger demonstrated the prepotency of LD cycles vs circadian rhythms in determining rest-activity patterns in the albino rat. 1 Given sufficient (660 lux) intensity, rest-activity patterns were synchronized to the LD cycle rather than the circadian clock. The effects of constant exposure to light or dark on sleep parameters have been described in several studies. 2, 3 Most work on direct light effects has focused on acute responses to LD transitions or the effects of ultra-short LD cycles on sleep. There are substantial short-lived increases in the REM sleep of albino rats in short LD cycles immediately following lights-off. [4] [5] [6] Five-minute dark pulses presented intermittently during the light phase of diurnal cycles produce massive, brief increases in REM sleep as well. [7] [8] [9] [10] Light pulses presented during the dark phase, on the other hand, suppress REM sleep in albino rats. 11 The NREM sleep of albino rats seems to respond quite differently to light. NREM sleep decreases following light-todark transitions and increases following dark-to-light shifts. 5 Some have argued that light is an aversive stimulus which nonspecifically disrupts sleep, based on the sleep patterns of albino rats in constant light (LL) and constant dark (DD). 2, 3 Dark preference, 12 however, does not explain why albino rats change REM and NREM sleep differently in response to light. Borbély, for example, has suggested that REM sleep effects might be secondary to NREM sleep response 5 ; ie, light enhancement of NREM sleep results in decreased REM sleep, whereas dark-induced inhibition of NREM sleep permits expression of REM sleep. Borbély has also postulated that short LD cycles might entrain an ultradian REM sleep rhythm, resulting in synchronization of REM sleep onsets at lights-off. 6 Alternatively, it is possible that light has independent and opposite effects on REM and NREM sleep expression in albino rats.
Relatively little work, however, has been done on direct effects of light and dark on sleep and wakefulness in nonalbino rodents. Most of the work that has been done has focused on the effects of light and dark transitions on REM sleep. REM sleep increases were seen in pigmented Dark Agouti (DA) rats in the dark phase of one ultra-short (LD 10:10 minutes) schedule. 13 An increase in the number of REM sleep onsets in the dark was also seen in this study. DA rats, however, did not show a significant increase in REM sleep in LD 5:5 minutes. 13 No obvious effects of light or dark on NREM sleep in DA rats were reported. Subsequent studies failed to find REM sleep induction by 5-minute dark pulses presented during the 12-hour light period of an LD 12:12 cycle in DA, Long-Evans or Brown Norway rats. 9, 14 No systematic studies regarding effects of LD cycles on patterns of sleep and wakefulness in pigmented rats have otherwise been reported to our knowledge. A study of golden hamsters using short LD schedules showed REM sleep enhancement during light periods, but no effects on NREM sleep. 15 Despite the lack of systematic study so far, it seems unlikely that the direct effects of light and dark on sleep are confined to albino rats. The purpose of the present study was to compare effects of different LD cycles on albino Lewis and pigmented Brown Norway (BN) rats. We predicted that the increased REM sleep expression that occurs at lights-off in albino rats would persist during the dark portion of the short LD cycles. Lewis rats would have more REM sleep in the dark than during the light, whereas BN rats would not. Since both Lewis and BN rats are nocturnal, we expected that the effects of light and dark on overall sleep/wake would be similar. That is, all rats would be more awake during the dark than during the light for all lighting schedules, circadian and noncircadian. Conversely, NREM sleep would be enhanced in the light on all lighting schedules for both groups of rats.
METHODS
Male albino Lewis (n=8) and Brown Norway (BN; n=8) rats were obtained from Harlan Sprague-Dawley (Indianapolis, Ind) and studied at 3-5 months of age. Rats were anesthetized with Nembutal (50 mg/kg ip) after pretreatment with atropine sulfate (0.06 mg sc). Two pairs of screw electrodes were implanted in the skull to record EEG, and silver plate electrodes were placed under the temporalis muscle to record electromyogram (EMG), according to standard procedures. 16, 17 All procedures were approved by the Animal Care and Use Committee.
After at least 2 days of recovery, animals were placed in recording chambers and connected to recording cables that were suspended from a commutator attached by a spring to a counterbalanced boom to permit nearly unrestricted movement. Food and water were available ad lib, and the room was maintained at 26±0.5 degrees C.
Lateral EEG, midline EEG (filtered to emphasize hippocampal theta activity), and EMG were recorded beginning at least 1 week after surgery. The filtered signals were digitized (12 bit, 64 Hz), and the mean of the rectified values for every epoch for each of the signals was saved. All signals were recorded simultaneously on paper to verify the quality of the recordings. Every day, each epoch was stagescored using the PASS algorithm as previously described. 16 Computer-generated stage scores were compared to polygraphic recordings to verify the integrity of the system by an individual unaware of the strain identities of the rats or of LD schedule to which the animals had been exposed. Two experiments were performed using different groups of four Lewis and four BN rats each. In the first experiment, rats were exposed to LD 12:12 and LD 3:3. Both strains of rats were exposed to illuminance levels of approximately 150 lux (measured at cage floor level) during lights-on. This is a standard lighting condition for lab- Table 1 .Wake, NREM, REM/TT and REM/TS for 4 days in each lighting schedule are expressed as means ± SD. No significant differences within strains across conditions were observed.
oratory rodents and has reliably elicited acute sleep-waking responses in our previous studies. Albino rats were additionally tested at 50 lux, since we had earlier been able to detect dark pulse REM triggering at this level. 9 BN rats were tested at an illuminance of at least 1000 lux to determine whether observed strain differences might be related to decreased light sensitivity in pigmented rats. Illuminance during the dark condition was <1 lux in all cases.
In a second experiment, four Lewis and four BN rats were exposed to LD 12:12 and an irregular (IRR) schedule with light and dark periods ranging from 1 hour 15 minutes to 3 hours 40 minutes in duration (see Fig. 1 ). Illuminance level was 150 lux during the light and <1 lux during the dark for both schedules. The IRR schedule was determined by use of a random numbers table as follows: successive digit pairs were recorded from the middle of the table; each digit pair was interpreted as the number of 5-minute periods in a light or dark period; digit pairs were concatenated to the sequence until the total time represented by all the digit pairs was greater than 24 hours (ie, until the sum of the digit pairs exceeded 288). If the sequence contained a number less than 12 (ie, shorter than 1 hour), that entire sequence was discarded. The final dark period was truncated to make the total length 24 hours.
For each LD schedule and illuminance level, 4 days of sleep-waking data were obtained and averaged for each rat and across groups of rats. Sleep and waking parameters were evaluated using analysis of variance (ANOVA) and paired comparison t tests.
RESULTS
Daily percentages of waking and NREM and REM sleep stages were calculated for each strain and each lighting condition (Table 1) . Within each strain of rats, the different lighting schedules and intensities had minimal effects on total daily amounts of sleep and wakefulness. As described previously, 18 BN rats had slightly higher daily amounts of REM sleep than did Lewis rats. BN rats were also awake somewhat more than Lewis rats and had less NREM sleep.
Percentage of time awake, in NREM sleep, in REM sleep (REM/TT=REM percentage of total time), and the percentage of sleep time in REM sleep (REM/TS=REM percentage of total sleep time) were calculated for each condition for both light and dark periods ( Table 2) . Both Lewis and BN rats were awake more during dark periods and obtained approximately 60% to 70% of their total wakefulness during darkness, regardless of the timing of the LD schedule or the illuminance level. At the standard illuminance of 150 lux during lights-on, both Lewis and BN rats showed similar effects of light and dark on waking. Rats spent more time awake during dark periods and slept more during light periods on all LD schedules (Table  2 and Fig. 2 ). Circadian modulation of acute light-dark effects was apparent. Rats tended to be awake less during lights-on periods during subjective day (as determined by the rats previous exposure to LD 12:12) , and were awake more during dark periods that occurred during subjective night. Analysis of variance showed significant main effects of current light condition and circadian time (subjective day vs night) for both strains and all illuminance levels (p<0.001). Effects of lighting conditions on NREM sleep were also similar between strains (Table 2) . NREM amounts were significantly higher during light periods in comparison to dark periods for each lighting schedule (p<0.001).
REM sleep expression, however, differed dramatically between Lewis and BN animals ( Table 2) . At 150 lux during lights-on, albino Lewis rats had higher REM/TS in the dark than in the light for both LD 12:12 and short, noncircadian LD schedules (p<0.001). REM/TT also tended to be increased during dark periods; in no situation did Lewis rats obtain significantly more REM sleep in the light than in the dark when illuminance was 150 lux, including LD 12:12. At 50 lux, REM/TS was higher during dark periods for LD 3:3 and the IRR schedule, but nearly equal in the light and the dark for LD 12:12. REM/TT was likewise higher during the light period only for LD 12:12 at 50 lux. In contrast, BN rats had significantly more REM/TT and REM/TS in the light at both the 150 lux and 1000 lux light condition and with all LD schedules (p<0.001).
To further analyze patterns of REM sleep expression at the 150 lux lighting condition, both REM/TS and REM/TT were plotted for LD 12:12 ( Fig. 2) , and REM/TS was plotted for LD 3:3 and IRR (Fig. 3) . Lewis rats had lower REM/TS during the light, particularly just after lights-on, for all lighting schedules. REM-sleep triggering occurred immediately following lights-off, and REM/TS remained elevated during dark periods. BN rats, however, showed the opposite effect. Both REM/TS and REM/TT were higher during the light than during the dark.
Although acute effects of light on REM-sleep regulation differed in Lewis and BN rats, both showed similar trends in the circadian pattern of REM-sleep expression during the short, noncircadian LD schedules (LD 3:3 and IRR; Fig. 3 ). REM/TS was higher in light and dark periods that occurred during subjective day than in corresponding periods during subjective night. For Lewis and BN rats, analysis of variance revealed significant main effects on REM/TS of current lighting conditions (light vs dark) and circadian time (subjective day vs subjective night), with p<0.001 for LD 3:3 at 150 lux. waking in pigmented BN rats as well as in albino Lewis rats. Sleep-waking responses to light and dark are not affected by the ultradian regularity or irregularity of the LD schedule. In addition to confirming the findings of others on the effects of short LD cycles on sleep in albino rats, we demonstrate that at least one pigmented rat strain has NREM sleep and waking responses to light and dark similar to those of albino rats, but opposite REM sleep responses.
DISCUSSION
Inbred Lewis and BN strains of rats differ at multiple genetic loci, but it is likely that their differences in REMsleep patterns in response to lighting changes are related to their pigmentation status. In an experiment on dark pulse triggering, albino Lewis ´(Lewis ´BN) F2 backcross animals showed the characteristic REM-sleep triggering response to lights-off stimulation. 10 Studies in various albino and pigmented strains of rats, including congenic F344 c/+ animals, which differ only at the c locus for albinism, all offer support for the hypothesis that enhancement of REM sleep following lights-off and suppression of REM sleep by light is linked to albinism. 9, 10, 14, 19 Further studies, however, will be needed to determine whether the REM, NREM, and waking patterns reported here for BN rats are typical of pigmented rats in general. Both pigmented and albino strains had similar distribution patterns of their total wakefulness and NREM sleep in light vs dark periods, regardless of whether animals were exposed to LD 12:12 or shorter LD schedules which should not allow circadian entrainment. Rats spent more time awake in darkness and more time in NREM sleep in the light. These findings are consistent with those reported by Goff and Finger, 1 who found that wheel-running patterns for albino rats followed LD schedules rather than 24-hour circadian patterns, with schedules ranging from LD 8:8 to LD 24:24 at an illuminance level of 660 lux. When lighting was reduced to 33 lux, circadian patterns of rest-activity were more apparent. They concluded that, given sufficient illumination, the direct effect of illumination overrode any influence by the (circadian) clock. Our results indicate that under relatively low illuminance levels (approximately 50 lux in albino Lewis rats and 150 lux in pigmented BN rats), acute LD effects on sleep-wakefulness patterns are evident in both pigmented and albino strains of rats. The LD paradigms used in the present study did not completely eliminate circadian effects, since all schedules repeated every 24 hours. Circadian influences on acute LD effects during the short LD cycles were, in fact, discernible. Waking increased more during dark periods that occurred during subjective night vs day, and decreased more during light periods that occurred during subjective day. No previous studies have demonstrated direct effects of light and dark on sleep patterns in pigmented rats, other than possible effects on REM sleep.
Although LD effects on overall sleep and waking were similar between the albino and pigmented strains, there were dramatic differences in REM sleep regulation in response to light and dark. Albino Lewis rats showed large increases in REM sleep amounts immediately following lights-off, similar to the REM triggering responses we have reported for these and other strains of albino rats in different lighting paradigms. 9, 11 Lewis rats also showed suppression of REM sleep at the beginning of the lights-on periods. Fishman and Roffwarg, 2 and Tobler et al, 3 have reported similar effects of light on REM sleep in albino Sprague Dawley rats: less REM sleep during constant light, and more during constant darkness. We recently demonstrated that short pulses of light presented during the 12-hour dark period of LD 12:12 profoundly suppressed REM sleep in albino Flinders Sensitive and Flinders Resistant rats (originally derived from Sprague Dawley rats 11 ).
At 150 lux in Lewis rats, REM/TS was higher in the dark than in the light. This was true for all lighting schedules. At 50 lux, REM sleep triggering was still seen at lights-off, but REM/TS was more similar between light and dark conditions, suggesting a dose-response effect of light on REM sleep regulation in albino rats.
In contrast, pigmented BN rats showed patterns of REM sleep expression in LD 12:12 more like those reported for humans: REM sleep propensity (as indicated by REM/TS) was greatest when overall sleep propensity was high. Exposure to short LD cycles resulted in increases in both REM and NREM sleep when lights were on. Thus ,REM sleep propensity and overall sleep propensity appeared to be linked in pigmented BN rats, whereas they were dissociated in albino Lewis rats in response to acute lighting changes.
Interestingly, for both Lewis and BN rats, REM/TS was higher during subjective day of short LD schedules at 150 lux than it was during corresponding periods of the subjective night. On LD 12:12, only the BN rats showed higher REM/TS during the day. This apparent reversal of the circadian REM rhythms in the Lewis, but not the BN rats, can be most simply attributed to the direct effect of light overriding the circadian tendency for REM sleep in the albino Lewis rats on the LD 12:12 schedule.
Borbély has suggested that short LD cycles entrain an intrinsic sleep cycle of about 10 minutes, and that REM and NREM sleep regulation are partly independent. 20 Our results are not explained simply by entrainment of ultradian rhythms, since similar effects were seen with the IRR schedule in which LD periods were of unequal length. Furthermore, the apparent independence of REM and NREM sleep regulation in short LD cycles may be related to the specific effects of changes in lighting conditions on REM sleep regulation in albino rats, since similar effects were not seen in pigmented BN rats. The fact that light and dark have similar effects on NREM sleep, but opposite effects on REM sleep, in Lewis and BN rats also discounts the possibility that LD effects on REM sleep in albino rats are secondary to effects on NREM sleep.
Based on studies performed in albino rats, it has been assumed that rats are averse to light. Rats avoided light exposure when given an opportunity to do so, 12 and adopted light-avoiding sleep postures more frequently during sleep in light vs dark environments. 21 Tobler has suggested that light impairs sleep in albino rats, as evidenced by an increase in EEG slow-wave activity and increased sleep continuity in albino rats in 24 hours of dark (DD) compared to LD 12:12. 3 Consistent with our results, REM-sleep amounts were decreased in the 12-hour light period compared with the corresponding period of DD. Our results, however, demonstrate that light has both acute NREM sleep-inducing and REMsleep-suppressing properties in albino rats. An alternative explanation for the decreased sleep continuity observed by Tobler et al in the 12-hour light period is that specific suppression of REM sleep might have led to disrupted sleep continuity and decreased slow-wave activity through interference with REM sleep expression and resulting build-up of REM sleep pressure. Pigmented BN rats showed higher amounts of both REM and NREM sleep in light vs dark periods, and increasing light intensity to over 1000 lux did not seem to impair the sleep increases during light periods. Although we did not perform spectral analyses comparable to those reported by Tobler, our results suggest that acute effects of light on sleep may not simply be explained by nonspecific aversive responses in either albino or pigmented rats.
It is also unlikely that the direct effects of dark on REM sleep induction in albino rats are mediated by nonspecific arousing effects. Other environmental stimulisuch as sound, tactile stimulation, and temperature changeshave also shown effects on REM sleep in various species. [22] [23] [24] [25] [26] Sound and tactile stimulation, however, prolong REM sleep, whereas it is the lack of photic stimulation that prolongs REM sleep in albino rats. 3 No other stimulus has ever produced REM increases of the magnitude observed following lights-off stimulation in albino rats. Furthermore, the fact that lights-off failed to trigger REM sleep in pigmented rats but was equally arousing argues against a nonspecific arousal hypothesis for REM sleep induction by lights-off. These data suggest that there are specific effects of light and dark on REM sleep regulatory centers in albino rats.
Using albino F344 rats, we recently found that aspiration lesions of the pretectum and superior colliculus attenuated direct effects of light and dark on REM and NREM sleep. 27, 28 In contrast, rats with visual cortex lesions exhibited essentially normal responses to lighting changes. Selective lesions of the PT or SC with ibotenic acid suggest that REM sleep regulation by light and dark is primarily regulated by the PT, 29 whereas changes in NREM sleep and waking may be mediated by the SC. 30 These data suggest that retinorecipient areas in the midbrain are involved in REM sleep, NREM sleep and/or wakefulness responses to light and dark in albino rats.
The present data indicate that light and dark have substantial direct effects on sleep patterns in at least one strain of pigmented rats as well. Given the similarities in the NREM sleep and waking responses of Lewis and BN rats, it is reasonable to expect that the same areas of the midbrain are involved in light-dark regulation of NREM sleep and waking in both strains. Albino mammals are known to have anomalous central visual pathways. It is quite possible that differences in the visual system of albino rats account for the difference between their REM sleep response to lighting changes and that of the BN and other pigmented rats. Functional and anatomical comparison of albino and pigmented rats may provide new insights into the mechanisms that control the expression of REM and NREM sleep.
